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ABSTRACT
Background: Obesity is one of the leading causes of ill-health in the Western 
world, and physical inactivity is a known risk factor for obesity. Obesity as 
well as physical activity and cardiorespiratory fitness are influenced by both 
genetic and environmental factors. However, whether they share the same 
genetic vs. environmental etiology has rarely been studied.
Aims: To explore the relative contributions of genetic and environmental 
factors on body mass index (BMI), waist circumference, physical activity 
and cardiorespiratory fitness (I, II, III), to explore whether physical activity 
modifies the relative contribution of genetic factors on BMI and waist 
circumference (I) and to assess the effects of obesity on cardiorespiratory 
fitness and expression of genes of mitochondrial oxidative phosphorylation 
(IV) in young adult twins.
Subjects: 4,798 twins born in 1975–1979 (FinnTwin16 cohort) and followed 
up from the ages of 16 to 23–27 years (I); two subsamples of the FinnTwin16 
cohort: one consisting of 24 monozygotic (MZ) pairs concordant and 
discordant for obesity (IV) and the other consisting of 152 MZ and DZ 
(dizygotic) twin pairs selected to represent a wide range of intra-pair 
differences in BMI (II); 1,294 twins born in 1983–1987 and followed up 
from the ages of 11–12 to 20–25 years (FinnTwin12 cohort) (III).
Measures:  Cohorts: Self-reported height, weight and waist circumference 
(I,III), a physical activity index calculated from the product of self-reported 
physical activity intensity, duration and frequency (I), the Baecke physical 
activity questionnaire (III). Subsamples: Measured height, weight and waist 
circumference (II, IV), measured body composition and insulin sensitivity 
(II, IV), cardiorespiratory fitness (II, IV), gene expression in adipose tissue 
(IV).
Results: Physical activity decreased the influence of genetic factors on BMI 
and waist circumference (I). The association between sports activity and 
obesity and of that between sports activity and cardiorespiratory fitness was 
largely due to genetic factors influencing both traits (II). Genetic factors 
contributed significantly to individual differences in physical activity, with 
genetic factors explaining between 41% and 64% of the variance in four 
physical activity indexes (III).  Acquired obesity was associated with poor 
cardiorespiratory fitness and lowered transcript levels of genes involved in 
mitochondrial function in adipose tissue (IV).
Conclusions: The influence of genetic factors on obesity measures was smaller 
in physically active subjects as compared to inactive subjects indicating a gene-
environment association between physical activity and genes predisposing to 
obesity. This suggests that the individuals at greatest genetic risk for obesity 
would benefit most from physical activity (I). Genetic factors influence both 
physical activity and obesity traits and explain a major part of their
 10
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relationships (II, III). Acquired obesity causes poor cardiorespiratory fitness, 
insulin resistance and downregulation of genes involved in mitochondrial 
function (IV). 
TIIVISTELMÄ
Tausta: Lihavuus on yksi merkittävimpiä kansanterveydellisiä ongelmia 
länsimaissa,  ja liikunnan puutteen tiedetään olevan lihavuuden tärkeä 
riskitekijä. Sekä perinnölliset että ympäristöperäiset tekijät vaikuttavat 
lihavuuden syntyyn, liikuntatottumuksiin ja kestävyyskuntoon. Ei kuitenkaan 
tiedetä, missä määrin lihavuuden, liikunnan ja kunnon yhteydet selittyvät 
yhteisillä perinnöllisillä tai ympäristöperäisillä tekijöillä.
Tavoitteet: Tutkia perinnöllisten tekijöiden ja ympäristötekijöiden 
suhteellista vaikutusta painoindeksiin, vyötärönympärykseen, liikuntaan 
ja kestävyyskuntoon (I, II, III), tutkia muokkaako liikunta perinnöllisten 
tekijöiden suhteellista osuutta painoindeksiin ja vyötärönympärykseen 
(I) ja tutkia lihavuuden vaikutusta kestävyyskuntoon ja mitokondrioiden 
enrgiantuottoon liittyvien geenien ilmentymiseen nuorilla aikuisilla 
kaksosilla.
Tutkimushenkilöt: 4 798 vuosina 1975–1979 syntynyttä kaksosta (Nuorten 
kak- sosten terveystutkimus eli FinnTwin16-kohortti), joita seurattiin 
16-vuotiaista 23–27-vuotiaiksi (I); kaksi FinnTwin16-kohortin alaotosta: 
toisessa oli 24 samamunaista kaksosparia, joista osalla oli merkittävä 
parinsisäinen painoero ja osa oli samanpainoisia (IV), ja toisessa 152 sama- 
ja erimunaista kaksosparia jotka oli valikoitu niin, että parinsisäiset painoerot 
olivat laajasti edustettuina (II); 1 294 vuosina 1983–1987 syntynyttä kaksosta 
(Kaksosten kehitys ja terveys -tutkimus eli FinnTwin12-kohortti) joita 
seurattiin 11–12-vuotiaista 20–25-vuotiaiksi (I).
Mittaukset: Kohortit: Itseraportoitu pituus, paino ja vyötärönympärys (I, 
III), itseraportoidun liikunnan rasittavuuden ja määrän perusteella laskettu 
liikuntaindeksi (I), Baecken liikuntakysely (III). Alaotokset: Mitattu 
pituus, paino ja vyötärönympärys (II, IV), mitattu kehonkoostumus ja 
insuliiniherkkyys (II, IV), kestävyyskunto (II, IV), geenien ilmentyminen 
rasvakudoksessa (IV).
Tulokset: Liikunta vähensi perinnöllisten tekijöiden vaikutusta painoindeksiin 
ja vyötärönympärykseen (I). Urheilun ja lihavuuden käänteinen yhteys samoin 
kuin urheilun ja kestävyyskunnon yhteys selittyivät suurelta osin yhteisillä 
perinnöllisillä tekijöillä (II). Perinnölliset tekijät olivat merkittäviä yksilöiden 
välisten liikuntaerojen selittäjinä: ne selittivät 41–64 % neljän liikuntaindeksin 
yksilöiden välisestä vaihtelusta (III). Lihavuus oli yhteydessä heikentyneeseen 
kestävyyskuntoon ja alentuneeseen mitokondrioiden toimintaan liittyvien 
geenien ilmentymiseen rasvakudoksessa (IV).
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Päätelmät: Perinnöllisten tekijöiden vaikutus lihavuuteen oli pienempi paljon 
liikkuvilla kuin liikkumattomilla yksilöillä, mikä viittaa geeni-ympäristö-
interaktioon liikunnan ja lihomiselle altistavien geenien välillä. Näin ollen ne 
yksilöt, joilla on suurin perinnöllinen alttius lihoa, hyötyvät eniten liikunnasta 
(I). Perinnölliset tekijät vaikuttavat sekä liikuntaan että lihavuuteen liittyviin 
suureisiin ja selittävät suuren osan niiden välisistä yhteyksistä (II, III). 
Lihavuus heikentää kestävyyskuntoa, lisää insuliiniresistenssiä ja aiheuttaa 
mitokondrioiden toimintaan liittyvien geenien vaimennussäätelyä (IV).
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ABBREVIATIONS
A   Additive genetic effects, cumulative effects of several genes
AE model  Structural equation model with additive genetic effects and  
   unique environmental effects
ACE model Structural equation model with additive genetic effects  
   and shared and unique environmental effects
ADE model Structural equation model with additive and dominant  
   geneticeffects and shared and unique environmental effects
AMPK  AMP-activated protein kinase
BMI   Body mass index
?   Regression coefficient
C   Shared environmental effects
CI   Confidence interval
cRNA  Complementary ribonucleic acid
D   Genetic dominance effects (allelic interactions inside a locus)
DEXA  Dual X-ray absorptiometry
DLW  Doubly labeled water technique
DNA  Deoxyribonucleic acid
DZ   Dizygotic
E   Unique environmental effects
FTO   Fat mass and obesity-associated protein
GC-RMA  GeneChip robust multiarray averaging
GLUT4  Glucose transporter type 4
GNP   Gross national product
GO   Gene Ontology
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GWA   Genome-wide association
LBM   Lean body mass
MET   Metabolic equivalent
MZ    Monozygotic
N    Number of subjects
PA    Physical activity
r    Correlation coefficient
rA    Correlation between genetic effects
rE    Correlation between unique environmental effects
RNA    Ribonucleic acid
SNP    Single nucleotide polymorphism
VO2max   Maximal oxygen uptake
WC     Waist circumference
WHR   Waist-hip ratio
Wmax    Maximal working capacity
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1. INTRODUCTION
Obesity and physical inactivity are serious public health threats in the 
Western world (91, 188). The rapid increase in obesity in the course of 
the last few decades is known as the obesity epidemic (21). Excess body 
weight is now widely recognized as one of the leading public health 
problems in most countries around the world, and as a major risk factor 
for type 2 diabetes, hypertension and cardiovascular disease (91). In 
Europe, overweight and obesity are responsible for about 80% of cases of 
type 2 diabetes, 35% of ischemic heart disease and 55% of hypertensive 
disease (179). It is estimated that one in 13 annual deaths in the EU is 
caused by obesity (9).
Lack of physical activity and sedentary behavior is a known risk factor 
for obesity (36, 59, 156, 186), but also an independent health risk: it has 
been associated with increased cardiovascular and all-cause mortality, 
while participation in regular physical activity reduces the risk for 
development of metabolic syndrome and type 2 diabetes  even in the 
absence of  weight loss (27). There is also evidence that the increased 
mortality associated with obesity and the metabolic syndrome is largely 
explained by poor cardiorespiratory fitness (85), and low fitness is a 
better predictor of mortality than are obesity (191) or hypertension (20, 
99). According to the World Health Organization, physical inactivity is 
the fourth leading risk factor for global mortality (6% of deaths globally) 
(196).
Population-based twin studies have shown that both body mass index, 
waist circumference and physical activity behavior are moderately to 
strongly influenced by genetic factors (157, 158, 167). Since obesity and 
physical activity are associated traits (52, 163), it is likely that they also 
share some of the underlying genetic factors. However, it is difficult 
to disentangle the genetic and the environmental effects behind the 
association and this question has therefore rarely been studied. Two 
previous studies have suggested that physical activity may modify the 
genetic risk for developing obesity (67, 84), but were not able to quantify 
the effect.
The present thesis is an exploration into genetic and environmental 
components in the complex relationship between obesity, physical 
activity and cardiorespiratory fitness. Using two population-based 
twin samples from Finland, these studies focus on a few of the open 
questions in this field: Does physical activity decrease the genetic risk 
for obesity? Are there common genetic influences between obesity and 
physical activity traits? Independent of genetic effects, does acquired 
obesity affect cardiorespiratory fitness and metabolic processes related 
to it? To cast light on these and related research questions, we conducted 
a series of twin studies. Large population-based twin samples as well 
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as smaller clinical subsamples of these enabled both the use of modern 
methods of quantitative twin modeling and objective measurement of 
body composition and cardiorespiratory fitness.
The ensuing review of the literature will summarize the current 
knowledge on obesity and physical activity, with a focus on genetic and 
environmental influences as well as on the complex relationship of these 
two traits, including gene-environment interactions.
Studies in Finnish twins |   17
2. REVIEW OF THE LITERATURE
2.1. OBESITY
2.1.1. DEFINITIONS
Overweight and obesity are defined as abnormal or excessive fat accumulation 
that may impair health (194). Women and men differ in relative quantities 
of specific body composition components. Sex-specific reference standards 
are therefore needed to define normal body composition. Behnke’s model for 
the reference man and reference woman can be used for such purposes (112). 
The reference man has 15% of total body fat, 45% of muscle mass and 15% 
of bone mass, while the reference woman has 27% of total body fat, 36% of 
muscle mass and 12% of bone mass. 
Since exact measurement of body composition is expensive and requires 
special equipment, it is seldom used in either clinical practice or in large 
epidemiological studies. Instead, obesity definitions based on weight and 
height are widely used. The most commonly used obesity measure is body 
mass index (BMI, weight/height2). Among adults, a BMI between 18.5 and 
24.9 kg/m2 is considered as normal (197). A BMI of 25 kg/m2 or above is 
defined as overweight and a BMI of 30 kg/m2 or above as obesity. The main 
advantage of BMI is that it can easily be calculated from self-reported or 
measured height and weight, and can thus be used in large epidemiological 
studies. A disadvantage is that BMI does not distinguish between fat mass 
and muscle mass. 
At a population level, mortality seems to be lowest when the BMI is in the 
range from 22.5 to 25 kg/m². Each 5 kg/m² increase in BMI above 25 kg/
m2  is associated on average with a 30% increase in overall mortality (140). 
The association between BMI and mortality is, however, U-shaped and the 
optimal BMI level (represented by the nadir of the curve) increases with age 
(26).
2.1.2. MEASUREMENT OF BODY COMPOSITION AND BODY FAT DISTRIBUTION
Estimation of body density was long considered as the gold standard 
method for body composition measurements (45). The traditional method 
for calculating body density is underwater weighing, where the subject is 
submerged in water and weighed both in air and under water, according to 
the Archimedes’ principle (11, 65). By measuring whole body density, the 
proportions of fat mass and fat-free mass can be estimated (45). It is then 
assumed that the densities of the fat and fat-free components are known 
and constant, and that adults are identical in body composition except for 
variability in the proportion of fat.  A newer method for measuring body 
density is air-displacement plethysmography, in which the subject is placed 
not in water but in a closed air-filled chamber (34, 115). The gold standard or 
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criterion method for body composition assessment is today considered to be 
the four-compartment model, which divides the body into four compartments: 
fat mass, bone mineral, total body water, and other (i.e., protein, non-bone 
minerals, and glycogen). It thus eliminates the assumptions about the relative 
components of fat-free mass of two-compartment (underwater weighing) 
and three-compartment (dual X-ray absorptiometry, DEXA) models. 
Methodologically, the compartments of the four-compartment model 
are measured using densitometry to determine fat mass and fat-free mass, 
isotope dilution to determine total body water, and DEXA to measure bone 
mineral content (178).
The first application of DEXA was measurement of bone mineral density 
to diagnose and monitor osteoporosis (155). It was soon discovered to 
be useful in soft-tissue body composition assessment (150) and has since 
become a popular tool for measuring body composition. Its main advantage 
compared to most other methods for assessment of body composition is its 
ability to evaluate the regional distribution of lean and adipose tissues (178). 
The DEXA method is based on the different abilities of different tissues to 
attenuate X-rays (45, 178).
Other methods used to calculate body composition and adiposity include 
bioelectrical impedance analysis, measurement of total body potassium 
by whole body counting, neutron activation analysis, magnetic resonance 
imaging and computed tomography (45). Skinfold thickness measures can 
also be used as a rough measure of adiposity (71).
In addition to whole body adiposity, the distribution of body fat is of great 
clinical importance, since excess intra-abdominal fat is a key risk factor for 
metabolic syndrome, type 2 diabetes, and cardiovascular disease (147). Waist 
circumference and the waist-to-hip ratio are easy and inexpensive methods to 
assess abdominal obesity, and are closely correlated to visceral fat (57). Waist 
circumference is measured in the standing position  either at the superior 
border of the iliac crest (126) or at the midpoint between the lower border 
of the rib cage and the iliac crest (195). The WHO cut-off points for waist 
circumference are 94 cm for men and 80 cm for women. Values exceeding 
these increase the risk of metabolic complications of obesity (195).
2.1.3. CAUSES OF OBESITY
The law of conservation of energy states that energy may neither be created nor 
destroyed, but it can be transferred or transformed from one form to another 
(68). Energy taken in as food nutrients is either conversed to heat during 
physiologic and metabolic processes or stored as fat and, to some extent, lean 
tissue. Consequently, energy intake in excess of energy expenditure results 
in weight gain and eventually development of obesity. However, the actual 
causes of this energy imbalance are not properly known. 
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2.1.3.1. ACQUIRED FACTORS
Behavioral patterns leading to obesity are encouraged in the modern Western 
society, where food is abundant and physical activity voluntary. Therefore, this 
type of environment is often called obesogenic. From a historical perspective, 
the development of the current obesity epidemic has been closely linked to 
the industrialization and economic growth of the Western world (21). Today, 
with  the improvement in the economic situation in developing countries, 
obesity and the metabolic syndrome are rapidly becoming public health 
problems even in these countries (117). In Western countries, the prevalence 
of obesity is inversely related to socio-economic status and educational level, 
possibly at least partly due to the low cost of a diet consisting of energy-
dense food (41).  Similarly, the burden of obesity in developing countries 
tends to shift towards the groups with lower socio-economic status as the 
country’s gross national product (GNP) increases (118). However, efforts to 
link the development of obesity to specific aspects of the social environment 
have proved much more difficult (86, 164). 
Factors proposed to contribute to the development of obesity include 
viral and bacterial infections, exposure to endocrine disruptors, staying in 
the thermoneutral zone, prescribed pharmaceuticals, suboptimal intake of 
micronutrients, psychosocial stress, increasing gravida age, fetal overnutrition 
and lack of sleep (86, 200). 
2.1.3.2. GENETIC FACTORS
HERITABILITY
Within populations, obesity seems to be highly heritable, as established 
by numerous twin, family and adoption studies (104, 106, 146, 158, 170, 
171). Large twin studies have estimated that genetic factors account for 
45–85% of the inter-individual variation in BMI (158, 170), while slightly 
lower heritability estimates have been reported in family (104, 146) and 
adoption studies (171) (20–50% and 20–60%, respectively). Population-level 
differences exist in the heritability of complex traits such as BMI. However, 
according to a recent meta-analysis, almost all the observed differences in 
heritability between twin studies are due to study design factors (44).
The effect of age on the heritability of BMI in adults is not completely clear, 
with some studies suggesting increased heritability with increased age (70) 
and others suggesting the opposite (24, 93). Two longitudinal twin studies 
have reported stable BMI heritability during 6 and 28 years of follow-up, 
respectively (47, 92).
In a comparative study of results from twin studies in eight countries men 
had, on average, a higher BMI than women, while the variance of BMI 
was greater in women (158). Studies investigating the presence of sex-
specific genetic effects on BMI are inconsistent (61, 158, 199). The reported 
heritability estimates for BMI are of the same magnitude in both men and 
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women in the majority of studies (61, 70, 73, 93, 157, 158).
Heritability estimates of other obesity measures than BMI have also been 
reported. Heritability estimates have ranged from 45 to 77% for waist 
circumference (12, 124, 157), from 28 to 59% for waist-to-hip ratio (123-
125), from 59 to 78% for body fat percentage (157) and were around 60% 
for skinfold thickness (157).
OBESITY GENES
Although obesity is known to be highly heritable, its underlying genetic 
factors are still poorly known. A few rare forms of morbid obesity caused 
by single gene mutations have been identified (49). These include mutations 
in genes coding for leptin, leptin receptor, proopiomelanocortin and 
melanocortin-4 receptor, which are associated with forms of severe, early-
onset obesity (141).
Genome wide association (GWA) studies have identified a number of 
loci associated with common obesity at a population level. By now 32 loci 
associated with BMI (30, 165) and 14 loci associated with waist-to-hip 
ratio (WHR) (66) have been identified. Together they, however, explain 
only about 1.5% and 1% of the interindividual variance in BMI and WHR, 
respectively.
Although the mechanisms by which individual genes influence the 
development of obesity are still largely unknown, several of the identified loci 
are located in or near genes that encode neuronal regulators of appetite or 
energy balance (165). For example FTO, the most influential of the identified 
obesity genes, is highly expressed in parts of the brain that govern energy 
balance and eating behavior (51) and has been demonstrated to influence 
appetite in children (189). The exact function of the gene is, however, not 
known (141). In the most recent meta-analysis of SNPs (single nucleotide 
polymorphisms) related to adiposity, about one third of the identified loci 
mapped near hypothalamic regulators of energy balance (165).
Results from GWA studies suggest that body fat distribution, as measured 
by waist-to-hip ratio, is influenced by genetic loci distinct from those 
associated with BMI and overall obesity (66, 69).
THE CONCEPT OF MISSING HERITABILITY
“The case of the missing heritability for common human diseases should not be a mys-
tery to anyone given the inherent complexity of the relationship between genotype and 
phenotype.” – Jason H. Moore (43)
Only a very small percentage of the genetic variance of obesity is explained 
by identified individual gene variants, even though the sample sizes in recent 
GWA studies have been very large, up to 250,000 individuals (165). The 
same holds for other complex traits (109). According to a recent study by 
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Yang et al. (198), 17% of phenotypic variance for BMI can be explained by 
considering all common SNPs simultaneously. This is substantially more 
than the proportion accounted for by loci identified in GWA studies, and 
similar observations were made for von Willebrand factor and QT interval 
in the same study (198). The difference between the results of these two 
approaches is caused by SNPs that are associated with the traits but do not 
reach genome-wide significance.
It has been suggested that part of the “missing heritability” could be explained 
by rare risk alleles, which remain undetected in GWA studies designed to 
cover common variants only (109, 198). Other suggested factors behind the 
genetic variance of complex traits not detected in GWA studies, include 
DNA copy number variants, non-coding RNA regulating gene expression 
post-transcriptionally, epigenetic modifications and gene-environment 
interactions (43, 109). 
The accuracy of heritability estimates from twin and family studies also needs 
to be discussed. It has been suggested that twin studies may overestimate the 
heritability, since the influence of common environment is not necessarily 
of the same magnitude in MZ and DZ twins (64). In all family studies, 
the heritability estimates may be overestimated when familial resemblance 
is influenced by non-additive genetic effects (e.g. gene-gene interactions), 
shared familial environment or genotype-environment interactions (121). 
A few years ago, Visscher et al. (185) demonstrated, that at least for one 
complex trait, height, the heritability estimates acquired from twin and family 
studies, were consistent with heritability estimated from empirical genome-
wide identity-by-descent sharing. This method is free of the assumptions 
of expected proportion of genes shared between different types of relatives 
(185).
In conclusion, there is no consensus yet on where to find the “missing 
heritability” of complex traits, and the explanation is likely to depend on the 
trait being studied. 
2.2. PHYSICAL ACTIVITY AND CARDIORESPIRATORY FITNESS
2.2.1. DEFINITIONS
2.2.1.1. DEFINITION OF PHYSICAL ACTIVITY
Caspersen et al. (25) once defined physical activity as “any bodily movement 
produced by skeletal muscles that results in energy expenditure”.
Total energy expenditure can be divided into three components, which include 
resting metabolic rate, diet-induced thermogenesis and physical activity. 
Resting metabolic rate accounts for around 70% of total energy expenditure 
in sedentary individuals, while diet-induced thermogenesis accounts for 
around 10% (145). Physical activity is the most variable component of these 
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three (145) and comprises occupational activities, sports and leisure activities, 
as well as activities of daily living (25).
Exercise is a subcategory of physical activity. Caspersen et al. (25) defined 
it as “physical activity that is planned, structured, repetitive, and purposive 
in the sense that improvement or maintenance of […] physical fitness is an 
objective.” Modern exercise physiology, however, distinguishes between acute 
and chronic exercise, where acute exercise refers to a single bout of physical 
activity and chronic exercise to repeated performance of acute exercise. 
Chronic exercise is also known as habitual physical exercise, physical training 
or just training (177). Training is often further divided into endurance and 
resistance training, which enhance aerobic capacity and muscle strength, 
respectively.
2.2.1.2. DEFINITION OF CARDIORESPIRATORY FITNESS
Physical fitness can broadly be defined as the ability to carry out daily tasks 
with vigor and alertness, without undue fatigue, and with ample energy 
to enjoy leisure-time pursuits and to meet unforeseen emergencies (180). 
Cardiorespiratory fitness, also sometimes known as cardiorespiratory 
endurance, cardiovascular fitness or aerobic fitness, is a health-related 
component of physical fitness that relates to the ability of the circulatory 
and respiratory systems to supply oxygen during sustained physical activity 
(180). It can, more specifically, be defined as the oxygen-forwarding capacity 
of the cardiorespiratory system, either absolute or relative (75). Maximal 
oxygen uptake (VO2max) is generally accepted as the criterion measure of cardiorespiratory fitness (4). 
2.2.2. ASSESSMENT
2.2.2.1. ASSESSMENT OF PHYSICAL ACTIVITY
SELF-REPORT
Self-report instruments are the most widely used tools for assessing physical 
activity. They include self-administered or interviewer-administered recall 
questionnaires and activity diaries (153).  Self-report methods make it 
possible to collect data from a large number of subjects at low cost, which 
makes them ideal for large epidemiologic studies (97, 153). 
The number of self-report instruments for assessment of physical activity is 
very large. A collection of commonly used physical activity questionnaires 
and their associated validation studies was published by Kriska et al. in 
1997 (94), and many new questionnaires have been developed since then 
(190). Although more than 90 papers have been published on the validity 
and reliability of different physical activity questionnaires, there is no 
conclusive evidence on their best usage in epidemiological studies (181). 
Instead, the choice of questionnaire should depend on the study design and 
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research question, since different questionnaires measure different aspects 
of physical activity (181).  To enable estimation of physical activity energy 
expenditure, the questionnaire should contain information on frequency, 
duration and intensity of the physical activity performed (190).
OBJECTIVE TECHNIQUES
Since physical activity is defined as bodily movement resulting in energy 
expenditure, it is self-explanatory that objective measurement of physical 
activity focuses on energy expenditure. The doubly labeled water technique 
(DLW) is considered the gold standard for measuring total energy expenditure 
under free-living conditions (182). When combined with direct calorimetry 
to determine resting metabolic rate and diet-induced thermogenesis, DLW 
can be used to measure physical activity energy expenditure (182). DLW is 
mainly used to validate cheaper and less laborious methods for assessment of 
physical activity.
Movement sensors, including accelerometers and pedometers, register 
body motion (182). Pedometers count the steps over a period of time, and 
the step count can then be converted to walking or running distance if 
the average stride length is known (182). Accelerometers usually measure 
body accelerations in either one (uniaxial accelerometers) or three (triaxial 
accelerometers) dimensions. Of these, triaxial accelerometers show a better 
relationship with physical activity energy expenditure (17). There is a linear 
relationship between the increase in heart rate and the increase in energy 
expenditure during physical activity (101), and therefore heart rate monitoring 
is another method to be used in assessment of physical activity in free-living 
conditions (182). A combination of these two methods, accelerometry and 
heart rate monitoring, seems to improve the estimate of physical activity 
energy expenditure (18).
2.2.2.2. ASSESSMENT OF CARDIORESPIRATORY FITNESS
Maximal oxygen uptake (VO2max) is generally accepted as the criterion measure of cardiorespiratory fitness. VO2max is the product of the maximal cardiac output and arterial-venous oxygen difference (4). The interindividual 
variation in VO2max results primarily from differences in maximal cardiac output. Therefore, VO2max is closely related to the functional capacity of the heart.
The most accurate method of measuring VO2max is by direct measurement of oxygen uptake during maximal exertion (4). This is done with open-circuit 
spirometry during a maximal exercise test, which is usually performed using 
either a bicycle ergometer or a treadmill. Since direct measurement of VO2max is technically demanding and requires expensive equipment, a number of 
alternative strategies for estimating VO2max have been developed. 
Several testing protocols estimate VO2max from the heart rate and other physiological response to submaximal exercise. The most well-known of these 
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is the Åstrand-Ryhming cycle ergometer test (6, 28), in which heart rate at 
a given submaximal workload is used to predict the subject’s VO2max. Maritz et al. (110) developed a more complex test where heart rate is measured at 
a series of submaximal work rates. The response is then extrapolated to the 
subject’s age-predicted maximal heart rate. In addition to the aforementioned 
bicycle ergometer tests, there are also submaximal exercise test protocols that 
use treadmills, step tests or walking as their exercise modality (4, 173).
Instead of estimating VO2max from heart rate responses to submaximal exercise, tests have been developed that categorize cardiovascular fitness on the basis 
of a person’s recovery heart rate following a standardized test protocol. An 
example of such a test is the YMCA Step Test, where the subject sits down 
immediately after exercise is completed and the heart rate is counted for 1 
minute. Heart rate values are used to obtain a qualitative rating of fitness (4).
2.2.3. FACTORS INFLUENCING PHYSICAL ACTIVITY AND CARDIORESPIRATORY 
FITNESS
2.2.3.1.  ACQUIRED FACTORS
FACTORS PROMOTING PHYSICAL ACTIVITY
There is evidence that people who live closer to a variety of recreation facilities 
are more physically active overall. Of the ten review articles reviewed by 
Bauman & Bull (10), nine recognized proximity to recreation facilities as a 
factor associated with physical activity.  Further, most reviews concluded the 
availability of sidewalks was positively associated with physical activity and 
walking. Overall, the walkability and residential density of neighborhoods 
were correlates of physical activity of their residents.
Frank et al. (50), for example, used a walkability index based on Geographic 
Information Systems and measured physical activity with accelerometers. 
They found that 37 percent of adults in the highest-walkability neighborhoods 
met the recommendation of physical activity for thirty minutes per day, while 
only 18 percent of those in the lowest-walkability neighborhoods met this 
recommendation.
In addition to the cross-sectional relationships, studies show that relocating 
to a more walkable neighborhood increases physical activity (60). The effects 
of community-wide interventions to promote physical activity are, however, 
inconsistent (8).
Motives and perceived barriers for physical activity were examined in a study 
among twin pairs discordant for physical activity for 30 years. It was found that 
the main factors promoting persistent leisure time physical activity were the 
participants’ wish to improve or maintain their physical skills or techniques, 
a feeling that exercise would improve their mental and physical health and 
that they found the activity enjoyable. Main factors reported as reasons for 
physical inactivity were pain and various health problems. More than half of 
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the subjects did not, however, mention any specific reasons for being inactive 
(1). In children and adolescents, home environment and parental support 
have also been associated with physical activity (98). 
EFFECTS OF EXERCISE
Physical training induces a variety of metabolic and physiological changes, 
which increase aerobic capacity. Endurance training increases use of fatty 
acids as oxidative fuel during exercise. This is the consequence of enhanced 
muscle mitochondrial respiratory capacity, greater blood flow within trained 
muscle, an increased amount of enzymes mobilizing and metabolizing fat 
and decreased catecholamine release at a given power output (113).
The enhanced mitochondrial respiratory capacity in response to training 
is characterized by increased mitochondrial content, usually ranging from 
30 to 100% within 4 to 6 weeks (77). This results in improved endurance 
performance that is largely independent of the much smaller 10–20% 
training-induced changes in VO2max. Formation of lactic acid at a given VO2 decreases (77). Further, exercise improves insulin-independent glucose uptake in skeletal muscle (54), as well as whole-body insulin sensitivity (53, 
62). The contractile activity during a single bout of exercise increases skeletal 
muscle glucose uptake due to insulin-independent translocation of GLUT4 
glucose transporters to the cell surface (54). Long-term training, on the other 
hand, improves insulin sensitivity by influencing the expression and activity 
of proteins involved in insulin signal transduction (53, 62). 
In addition to its metabolic effects, training produces a number of 
cardiovascular adaptations. These include increased maximal cardiac output 
due to increased stroke volume, optimization of blood flow distribution 
to working muscles during exercise, increased muscle capillarization and 
increases in total blood volume (113). 
2.2.3.2. GENETIC FACTORS
HERITABILITY
Genetic factors are known to account for a considerable part of the variance 
in physical activity within populations, but previous studies show variation in 
the degree of its heritability (23, 42, 81, 108, 122, 168). Heritability estimates 
for exercise participation ranged from 27 to 70%, with a median heritability 
of 62%, in a large pooled twin sample from seven countries (168). It has been 
suggested that genetic factors contribute more strongly to physical activity in 
men than in women, especially during adolescence (13, 23), and that genetic 
influences increase from childhood to adulthood (166, 169, 184). A recent 
paper shows that heritability decreases from young adulthood to age 50 
(184). Thus, the heritability of physical activity would appear to be highest 
at the period when physical maturation is complete and physical fitness is at 
its best.
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In most studies unique environmental effects contribute to the rest of the 
variance leaving the effect of common environment insignificant (23, 42). 
However, in a small study (N=40 twin pairs) by Joosen et al. (81) common 
and unique environmental factors explained all of the variance in physical 
activity recorded with a triaxial accelerometer in a respiration chamber 
for 24 h, and no genetic contribution was found. Energy expenditure was 
measured simultaneously and presented a similar pattern. In two weeks daily 
life measurements, however, the additive genetic contribution to physical 
activity was 78% with unique environmental factors explaining the rest of the 
variance. Duncan et al. (42) also presented results differing slightly from the 
majority of observations. In a sample consisting of 1,003 same-sex twin pairs 
(62% women), with a mean age of 30 years, unique environment provided the 
strongest influence on physical activity, with genetic factors accounting for 
only 11% to 45% of the total variance.
There are many possible routes, through which genetics might influence 
physical activity. Traits such as body composition and body type, as well as 
aerobic capacity, muscle strength and muscle endurance are, for example, 
all influenced moderately or highly by genetic factors (13, 166). These 
characteristics are likely to influence physical activity, as they are related to 
exercise capacity, which in turn is related to exercise behavior (168). Personality 
characteristics, such as self-discipline, self-motivation and conscientiousness, 
also affect activity behavior, and because of their relatively high heritability, 
they are likely to contribute to the genetic influence on physical activity (166, 
168).
For cardiorespiratory fitness, as measured by maximal oxygen uptake (VO2max), familial aggregation studies and twin studies show heritability estimates that 
vary between 50% and 67% (15, 48, 105). 
ACTIVITY AND FITNESS GENES
Only few data are available on specific genes associated with exercise behavior 
and physical activity. Linkage studies and candidate gene association studies 
have yielded a number of genes possibly associated with physical activity 
phenotypes, but the results are far from consistent (32). The first and for the 
present only genome wide association study on physical activity levels was 
performed in 2009 in a Dutch-American twin sample (31). Study subjects 
were divided into ‘exercisers’ and ‘nonexercisers’ based on their answers on 
questions about leisure-time physical activity. It was found that, while none 
of the 1.6 million SNP reached the commonly used threshold for genome-
wide significance, SNP in three genomic regions had P-values of borderline 
significance. The strongest evidence of association was observed at the 
gene locus of PAPSS2, a gene encoding an enzyme involved in sulfation of 
glycosaminoglycans and other molecules. Previously reported candidate gene 
associations or linkage findings were not replicated (31).
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2.3. RELATIONSHIP BETWEEN PHYSICAL ACTIVITY AND OBESITY
2.3.1. OBSERVATIONAL STUDIES
Many cross-sectional and longitudinal studies have shown an inverse 
relationship between self-reported physical activity and obesity measures. 
French et al. studied 1,913 women and 1,639 men as part of the Healthy 
Worker Project, and found that high intensity physical activities were 
inversely related to body weight in both men and women (52). Slattery et 
al. (163) studied 5,115 young men and women of different ethnic origin. 
Total physical activity was inversely associated with skinfold thickness in all 
subjects, and with WHR in black women and white men. No association 
between physical activity and BMI was found. Similarly, Klesges et al. (89) 
found no association between BMI and physical activity, as measured by the 
Baecke index, in a study in 300 white American men and women. den Hoed 
et al. (35) studied the association between body composition and physical 
activity, as measured by triaxial accelerometry. They found that in women, 
body fat percentage and physical activity were significantly associated, while 
in men, body fat percentage was only associated with physical activity when 
seasonality was taken into account as well.
A number of longitudinal observational studies have also investigated the 
relationship between physical activity and obesity (72). Most studies have 
reported an inverse longitudinal association between physical activity and 
weight gain (36, 59, 156, 186) . Waller et al. (186) observed that in a 28–30-
year follow-up of adult twin pairs discordant for physical activity, physical 
activity was inversely associated with both weight gain, waist circumference 
and the incidence of type 2 diabetes (187). In a subsample of the same twin 
cohort the physically inactive co-twins had significantly more visceral fat, liver 
fat and intramuscular fat (100). However, in another large follow-up study in 
Danes, Petersen et al. (132), physical inactivity did not predict obesity, but high 
BMI was identified as a risk factor for physical inactivity. The causality between 
obesity and physical activity is complex and bidirectional. Indeed physical 
activity has been found to be both causative and secondary to the development 
of obesity discordance in adolescent monozygotic twin pairs (133).
2.3.2. INTERVENTION STUDIES
Only a few intervention studies have examined the effect of exercise on body 
composition without concurrent diet-induced weight loss. The largest of 
these is the HERITAGE Family Study, in which 557 adults participated 
in a supervised 20-week exercise program (14). Along with a large number 
of other exercise-induced physiological changes, anthropometrics and body 
composition were recorded before and after the exercise intervention (192). 
All skinfold-thickness and circumference measures, the waist-hip ratio, BMI, 
total body mass, fat mass and body fat percentage decreased with training. The 
decrease in fat mass was due both to decreases in subcutaneous and visceral 
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fat. Total body density and fat-free mass, on the other hand, increased. 
In a 16-week exercise intervention study, Irving et al. (80) found that high-
intensity training, but not low-intensity training, reduced both abdominal 
visceral fat and abdominal subcutaneous fat in middle-aged obese women 
with the metabolic syndrome. Waist circumference decreased on the 
average by 2.1 cm in  the high-intensity exercise group, but not in the low-
intensity exercise or control groups. Donnelly et al. (40) studied the effects 
of a supervised program of moderate-intensity exercise on body weight 
and composition in previously sedentary, overweight young adults. During 
the 16-month intervention, exercise prevented weight gain in women and 
produced weight loss in men. The exercising men lost on average 4.9 kg 
of fat mass, and the reduction in both visceral and subcutaneous fat was 
significant. The men in the control group maintained their initial weight, 
while the women gained weight. Further, a 6-month exercise intervention 
among overweight slum-residing Brazilian women produced a modest but 
statistically significant weight loss of 2% in the exercise group, as compared 
to no weight change in the control group (3).
2.3.3. GENE-ENVIRONMENT INTERACTION STUDIES
The high heritability estimates of obesity-related traits as well as the modest 
results from interventions for preventing obesity (19, 172) cast a rather 
pessimistic light on the prospects of preventing obesity in individuals with 
a strong genetic predisposition to weight gain. However, just the fact that 
the global obesity epidemic has arisen rapidly during the second half of last 
century, simultaneously with industrialization and urbanization of Western 
societies (21), indicates that environmental factors must be highly important 
in the development of obesity.
This leads us to the concept of gene-environment interaction, which means 
that environmental factors influence the genetic susceptibility to a certain 
trait in the population or, in other words, genetic control of sensitivity to the 
environment (22).
Heitmann et al. (67) demonstrated that although both genetic factors and 
physical activity played an independent role in weight changes, physical 
activity level modified the genetic effects on weight change in male twins. 
The researchers hypothesized that genes suppressing weight gain may be 
expressed only at high physical activity levels.
Karnehed et al. (84) used a model based on the co-twins’ obesity status as an 
indicator of genetic risk to analyze gene-environment interaction. Among 
twins with genetic susceptibility to obesity, waist circumference and weight 
gain were modified by physical activity level. These studies were not, however, 
able to quantify the effect of physical activity on the relative contribution of 
genetic and environmental effects on obesity.
Using new methods of quantitative twin modeling, our group demonstrated 
that in a cross-sectional setting, physical activity attenuated the effect of 
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genetic factors on obesity in 4,798 young adult twins (born 1975–1979) 
(Study I). In our study, physical activity significantly modified the heritability 
of BMI and waist circumference, with a high level of physical activity 
decreasing the additive genetic component in BMI and waist circumference. 
Soon afterwards, McCaffery et al. (114) presented similar results in a twin 
sample from the Vietnam Era Twin Registry (twins born 1939–1957). They 
found that among 8,627 male twins of around 40 years of age, BMI showed 
the greatest genetic influence among those who did not report vigorous 
physical activity, with diminished genetic influence among those who did 
(114). The finding was further replicated for BMI and waist circumference 
among 1,515 Finnish and Danish twins of 18–67 years of age (160). 
The gene-physical activity interaction in obesity has also been demonstrated 
in molecular genetic studies. Several studies have reported that the obesity-
inducing effect of common FTO variants is attenuated in physically active 
subjects (5, 142, 183). In a recent large meta-analysis the association of the 
FTO risk allele with the odds of obesity was attenuated by 27% in physically 
active adults (88). Further, Li et al. (102) demonstrated that a physically active 
lifestyle was associated with a 40% reduction in the predisposition to common 
obesity. To estimate the genetic risk, they used a genetic predisposition score, 
based on 12 recently identified susceptibility loci.
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3. AIMS OF THE STUDY
The aims of the study were:
 ♦ To explore the relative contributions of genetic and environmental 
factors on BMI, waist circumference, physical activity and 
cardiorespiratory fitness (I, II, III).
 ♦ To explore whether physical activity modifies the relative contribution of 
genetic factors on BMI and waist circumference (I).
 ♦ To assess the effects of acquired obesity on cardiorespiratory fitness 
and expression of genes of mitochondrial oxidative phosphorylation in 
adipose tissue (IV).
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4. SUBJECTS
4.1. FinnTwin16 cohort (I)
The FinnTwin16 study is a nationwide longitudinal cohort study of health 
behaviors in twins and their families that identified virtually all twin births 
from 1975 to 1979 from the Central Population Registry of Finland (83). 
A questionnaire was mailed biannually between autumn 2000 and autumn 
2002 to each of the five birth cohorts of twin pairs as well as twins born in the 
last 3 months of 1974 (who acted as a pilot sample) (134). The respondents 
were 22.8 to 27.2 years old at the time of response. The response rate was 
84.5% with 5,236 subjects returning questionnaires out of 6,196 mailed (82). 
We excluded participants with known illnesses (diabetes mellitus, systemic 
lupus erythematosus, inflammatory bowel disease, celiac disease, hyper- or 
hypothyroidism, malignancies and mobility disorders) or with medication 
affecting weight (for example, insulin, thyroxin and antipsychotic medication) 
from the analyses. We also excluded subjects with missing data on zygosity. 
Our final data included 2,188 male and 2,610 female twin individuals, 696 
MZ and 1,396 DZ pairs.
4.2. Subsamples of the FinnTwin16 cohort (II, IV)
In Study II we studied a subsample of 304 twin individuals from the 
FinnTwin16 cohort. They were selected by their responses to questions on 
weight and height at the age of 23–27 years to represent a wide range of 
intra-pair differences in BMI. The sample included 20 MZ and 53 DZ pairs 
extremely discordant for BMI (intra-pair difference of > 3 kg/m2) and 18 
MZ and 13 DZ pairs concordant for BMI (intra-pair difference of <1 kg/
m2) (EDAC: extremely discordant and concordant). Twenty-one MZ and 
26 DZ pairs had intra-pair differences in BMI ranging from 1 to 3 kg/m2. 
Altogether this subsample consisted of 59 MZ and 92 same-sex DZ pairs. 
In Study IV we studied a subsample of the FinnTwin16 cohort consisting 
only of MZ pairs (henceforth referred to as the MZ sample). Based on self-
reported weight and height at the age of 23–27 years, we identified 18 pairs 
with a reported BMI difference of at least 4 kg/m2, such that one co-twin was 
non-obese (mean BMI 25 kg/m2), whereas the other was obese (mean BMI 
30 kg/m2) (137, 138). Fourteen of these pairs (8 male and 6 female pairs) 
participated. In addition to these discordant pairs, we studied 10 concordant 
MZ pairs (5 male and 5 female pairs) with a BMI difference of less than 2 
kg/m2.
4.3. FinnTwin12 cohort (III)
FinnTwin12 is a population-based, longitudinal twin study of health-related 
behaviors and correlated risk factors (83).  It consists of five consecutive birth 
 32
 
|    OBESITY, PHYSICAL ACTIVITY AND CARDIORESPIRATORY FITNESS IN YOUNG ADULTHOOD
cohorts (1983–1987) of twins identified in Finland’s Central Population 
Register (82, 83). Excluded from the study were twin families in which one 
or both co-twins were deceased, those in which both co-twins lived apart 
from both biological parents, and those for which the Central Population 
Register listed no residential address for one or both of the twins. Of all 
eligible families, 87% completed the initial family questionnaire, yielding 
around 2,800 families participating at baseline. The first survey was conducted 
when the twins were 11–12 years old. A follow-up questionnaire was sent to 
all twins at the age of 14, and around 90% completed and returned it.
From this first stage of the FinnTwin12 sample, we selected a subset of 1,035 
families for a second-stage, intensive study. In all, 1,852 twin individuals 
(90% of those approached) were interviewed and included in the intensive 
study group at the age of 14, and formed the target group for follow-up as 
young adults (82). The follow-up of the intensive study group was conducted 
as the twins were 20 to 25 years old. Altogether 1,294 twin individuals filled 
out the Baecke questionnaire. They also went through interviews and clinical 
examinations, height, weight and waist circumference were measured and 
blood samples were taken for genetic analyses. Twins who could not attend 
the clinical assessment filled in the questionnaires at home, were interviewed 
by telephone and returned a saliva sample for DNA. Zygosity of all twins from 
same-sex pairs was determined by genotyping of multiple genetic markers at 
the Paternity Testing Unit, National Institute for Health and Welfare using 
DNA from blood or saliva samples (82).
5. METHODS
5.1. Body mass index and waist circumference (I–IV)
BMI was calculated from either measured (IV, II) or self-reported (I, III) 
height and weight. Waist circumference was measured midway between 
the spina iliaca superior and the lower rib margin (II) (195). To attain waist 
circumference measures from the subjects who only filled in questionnaires at 
home, they were sent tape measures accompanied by an instruction clarified 
by a picture (I). They were asked to measure their waist circumference in the 
standing position midway between the lowest rib and the iliac spine.
5.2. Body composition (II, IV)
In studies II and IV, body composition, including fat mass, lean body 
mass (LBM), and body fat percentage was measured by dual-energy X-ray 
absorptiometry (DEXA) (111) (Lunar Prodigy, Madison, USA, software 
version 2.15).
Studies in Finnish twins |   33
5.3. Physical activity (I–IV)
The Baecke Questionnaire (7) was used to assess physical activity in Studies I, 
III and IV. The questionnaire has three sections, which are sports participation, 
leisure-time physical activity excluding sports, and work or school related 
physical activity. Each section contains questions scored on a five-point 
scale, providing information on the subjects’ conception of their habitual 
physical activity level. The subjects also report their main occupation, and 
one question queries the number of months per year and hours per week of 
participation for the two most regularly practiced sports activities. Both sports 
activities and occupations are scored as 1, 3 or 5 according to how physically 
demanding they are. The questionnaire has four questions on sports activity, 
four questions on leisure-time activity excluding sports and eight questions 
on work-related physical activity. The mean score of each section yields a 
sport index, a non-sport leisure-time index and a work index, respectively, 
and the sum of the three indexes  is referred to as total score. The scoring of 
the questionnaire items followed standard procedure for these questions, as 
described by Baecke et al. (7). For each of the three first-mentioned indexes 
the minimum score is 1 and the maximum score is 5. For total score the 
corresponding values are 3 and 15.
In Study II, a physical activity index was calculated from the product of self-
reported physical activity intensity, duration (hours) and yearly frequency 
(days) (193). Intensity was expressed as estimated metabolic equivalent 
(MET) values (work metabolic rate divided by resting metabolic rate).
5.4. Cardiorespiratory fitness (II, IV)
To assess cardiorespiratory fitness we performed a work-conducted maximal 
cycle ergometer exercise test with gas exchange analysis (also known as 
spiroergometry). We used an electrically braked cycle ergometer (900 ERG 
Ergometer, Marquette Medical Systems, Milwaukee, USA) and a breath-by-
breath gas exchange analysis system (Vmax 229, Sensormedics, Yorba Linda, 
USA). The initial workload was 40 W for women and 50 W for men. The 
load was increased at 3-min intervals by 40 and 50 W, respectively, until 
exhaustion.
A physician measured blood pressure manually from the left arm using a 
stethoscope and a sphygmomanometer (Erka, Bad Tölz, Germany) before, 
during, and 10 minutes after exercise. A 12-lead ECG (Mason-Likar lead 
placement) was continuously monitored and recorded during the exercise 
test using a computerized device (Case12, Marquette Medical Systems, 
Milwaukee, USA). We measured respiratory gases with a tightly attached face 
mask (Rudolph series 7910, Hans Rudolph, Kansas City, USA) with a dead 
space of 185 ml. Arterial O2 saturation was assessed noninvasively with two pulse oxymeters (Datex-Ohmeda 3900 and Datex-Ohmeda 3800; Datex-
Ohmeda, Helsinki, Finland), one attached to the earlobe and the other to 
the left middle finger of the subject. VO2max was defined as the peak oxygen 
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uptake during exercise. Maximal working capacity (Wmax) was defined as the mean workload during the last 3 min of exercise.
5.5. Gene expression in adipose tissue (IV)
Total RNA was prepared from frozen fat tissue using the RNeasy Lipid Tissue 
Mini Kit (Qiagen, Hilden, Germany). The quality of RNA was analyzed using 
the 2100 Bioanalyzer platform (Agilent Technologies, Santa Clara, USA). 
Two micrograms of total RNA was treated according to the conventional 
Affymetrix eukaryotic RNA labeling protocols (Affymetrix, Santa Clara, 
USA). Fifteen micrograms of biotin-labeled cRNA was fragmented 
according to Affymetrix eukaryotic sample protocol. Hybridization, staining, 
and washing of the Affymetrix U133 Plus 2.0 chips were performed using 
the Affymetrix Fluidics Station 450 and Hybridization Oven 640 under 
standard conditions. Preprocessing of expression data was done using the 
GC-RMA algorithm.
Given the unique setup involving MZ twins, the expression data were 
further “co-twin normalized,” which involved dividing the obese twin’s 
expression values with those of the non-obese co-twin in order to correct 
for the identical genetic background. The pathway analysis was done with 
an in-house nonparametric analysis algorithm utilizing the Gene Ontology 
(GO) categories (136), in which the objective is to find the optimal regulated 
pathway compositions without a priori criteria for significance for individual 
genes’ significant regulation or arbitrary p-value/fold change cut-offs. 
Briefly, the probe sets were ranked by the median fold change values 
between obese and lean twins to “upregulated” and “downregulated” vectors. 
The Affymetrix ProbeSetIDs were mapped to human genes using cross-
references in the Ensembl database, and the genes were queried for their GO 
annotations. The topology of the GO tree (DAG tree) was fully utilized by 
enumerating all available routes toward the root of the GO tree and adding 
all encountered vertexes as GO annotations of the given gene. For detecting 
the affected GO gene groups (“pathways”), an iterative hypergeometric 
distribution P value-based calculation was used, where the objective is to find 
the optimum P value for a set of genes that belong to the same annotated 
GO gene collection (maximal regulation for the pathway). Furthermore, the 
data were exhaustively permuted by randomizing the gene ranks for each 
GO category, and an empirical P value was interpreted from the distribution 
of 10,000 permutation cycles. The oxidative phosphorylation pathway (GO: 
0006119) was queried as part of these pathway analyses (136) of the genome-
wide microarray expression profiles. The global pathway analyses evaluate the 
significance of all individual GO categories while taking into account the 
structure of the tree.
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5.6. Whole body insulin sensitivity (IV)
Whole body insulin sensitivity of glucose metabolism, as measured by the 
M-value (whole body glucose disposal, mol/kg/min), was determined by 
using the euglycemic hyperinsulinemic clamp technique (33). The study was 
performed after a 12-h overnight fast starting at 8:00 AM. Two 18-gauge 
catheters (Venflon; Viggo-Spectramed, Helsingborg, Sweden) were inserted, 
one in the antecubital vein in the nondominant arm for infusion of insulin 
and glucose and the other in a retrograde position in a heated dorsal hand vein 
on the same arm for withdrawal of arterialized venous blood (116). Insulin 
(Actrapid Human; Novo Nordisk, Copenhagen, Denmark) was infused in a 
primed continuous manner for 120 min. The rate of the continuous infusion 
was 40 mU·m–2·min–1. Normoglycemia was maintained by adjusting the rate 
of 20% glucose infusion based on measurements of plasma glucose, which 
were performed every 5 min from arterialized venous blood. The M-value 
(expressed as mg·kg–1·min–1 or mg·kg fat free mass–1·min–1) was calculated 
from the glucose infusion rate after correction for changes in the glucose pool 
size (33). 
5.7. Zygosity (I–IV)
In studies I, III and IV, zygosity of all twins from same-sex pairs was 
determined by genotyping of multiple genetic markers at the Paternity 
Testing Unit, National Institute for Health and Welfare using DNA from 
blood or saliva samples. In Study II, zygosity was defined using questions on 
physical similarity and confusion by strangers at school age a method which 
has shown high reliability in Finnish twin data (154).
5.8. Data Analysis
5.8.1. HERITABILITY ESTIMATES AND GENETIC AND ENVIRONMENTAL RELATION-
SHIPS BETWEEN OBESITY AND PHYSICAL ACTIVITY TRAITS (I–III)
 In Studies I–III, the data were analyzed using quantitative genetic modeling of 
twin and family data (121). Whereas MZ twins are genetically identical, DZ 
twins and full-sibs have, on average, 50% of their segregating genes identical-
by-descent. In addition to additive genetic variation, which is the sum of 
the effects of all alleles affecting the phenotype, part of the genetic variation 
may be due to interaction between alleles in the same locus (dominance). 
Additive and dominance genetic effects are fully correlated within MZ pairs 
and have expected correlations of 0.5 and 0.25 within DZ pairs, respectively. 
Epistatic effects, that is, interaction effects between alleles in different loci, 
are assumed to be absent. MZ and DZ pairs are assumed to share the same 
amount of environmental variation, which is partly shared by a twin pair 
(common environment) and partly unique to each twin individual (unique 
environment) including any random measurement error. On the basis of 
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the above assumptions, four sources of variation interpreted as latent and 
standardized variance components in the structural equation model can be 
identified: additive genetic (A), genetic dominance (D), common environment 
(C) and unique environment (E). Common environmental effects result 
from shared factors such as dietary habits, values, leisure-time activities, 
neighborhood and socioeconomic situation, and are expected to contribute to 
the correlation of both MZ and DZ twins as long as they are reared together 
(121). To study the genetic and environmental influences on a certain trait, 
models based on different combinations of these components are fitted. 
However, when the data only includes twins reared together, it is not possible 
to model dominance and common environmental effects simultaneously, 
leading to a selection between an ACE and an ADE model (139).
Prior to genetic modeling, normality of each variable was tested and means 
and standard deviations were calculated. Pearson correlation was used 
to investigate the associations between the traits under study. Intra-class 
correlations were used to investigate the relationships within twin pairs for 
each trait. Comparing the correlations of MZ and DZ pairs gives a first 
estimate of the heritability. If the intra-pair correlation for MZ twins is 
higher than in DZ twins, genetic effects are considered to be present.
The genetic models were carried out using the Mx statistical package using 
full information maximum likelihood (Mx: Statistical Modeling. Richmond, 
VA: Dept. of Psychiatry, 2003). This method uses all information available in 
the sample including also data from twin individuals in the estimation of trait 
means and variances. Assumptions of twin modeling, such as equal means 
and variances for MZ and DZ twins and for both co-twins, were tested in 
saturated models. Univariate models were then fitted to estimate genetic 
and environmental influences and find the best fitting model for each trait 
to be used in further modeling. The ratio between genetic and environmental 
factors influencing a trait is known as its heritability. Heritability estimates 
are thus derived from the univariate models.
To analyze genetic and environmental correlations between traits, we fitted 
bivariate (II, III) or trivariate (I) Cholesky decomposition models based on the 
univariate AE models.  According to the Cholesky decomposition method, 
the correlation between traits is composed of an additive genetic correlation 
(rA) and a unique environmental correlation (rE). The former indicates that 
the correlation is caused by same or closely linked genes influencing both 
traits and the latter that same or correlated environmental factors influence 
both traits. In a trivariate model three traits and in a bivariate model two 
traits are modeled simultaneously. 
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5.8.2. MODIFYING EFFECT OF PHYSICAL ACTIVITY ON OBESITY (I)
In Study I we conducted a gene-environment interaction model (Figure 1). 
The moderating factor, in this case physical activity, is denoted as M. This 
factor can affect the mean trait value but can also modify the effects of genetic 
and environmental factors on the trait. In other words, the model implies 
that physical activity can affect both the mean BMI or waist circumference 
(active persons may be leaner or heavier than sedentary persons) and their 
variance components (the genetic or environmental  variance in BMI or waist 
circumference in active persons may be smaller or greater than in sedentary 
persons). 
Figure 1. Schematic representation of the 
gene-environment interaction model for 
physical activity (PA) and BMI. A= Additive 
genetic factors, E= Specific environmental 
factors, a= additive genetic path coefficient, 
e=specific environment path coefficient, 
μ=mean,?M=mean modifier,?X=additive 
genetic modifier, ?Z=specific environment 
modifier. Adapted from Mustelin et al. Int J 
Obes 2009; 33(1):29–36.
5.8.3. INTRA-PAIR DIFFERENCES IN OBESITY-RELATED TRAITS (IV)
We used the Student’s paired t-test to compare the means between the co-
twins for normally distributed variables and Wilcoxon’s signed rank test for 
the intrapair comparison of non-normally distributed data (IV). We used 
Pearson correlation and linear regression in the univariate analyses, and 
multiple linear regression models to control for confounding factors in some 
analyses. When analyzing twin individuals, we corrected the p-values for 
clustered sampling of co-twins by survey methods (144). When combining 
male and female pairs, we used sex-specific z-transformed values (i.e., mean 
of 0 and SD of 1) of the study variables. 
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6. RESULTS 
6.1. Heritability estimates
6.1.1. OBESITY (I, II)
The heritability estimates of obesity measures were investigated in Studies 
I and II, both with subjects from the FinnTwin16 cohort. The heritability 
estimate for self-reported BMI was 0.79 (95% CI 0.74–0.82) for men and 
0.78 (0.74–0.81) for women in a cohort of (N=4,798) twin individuals aged 
23–27 years (I). In the same cohort, the heritability estimate for self-measured 
waist circumference was 0.56 (0.48–0.63) and 0.71 (0.67–0.75), respectively. 
In a subsample (N=305) selected from the same cohort (II), the combined 
heritability estimates for men and women were 0.72 for BMI,  0.66 for waist 
circumference, 0.58 for fat mass, 0.81 for lean body mass and 0.68 for body 
fat percentage. Unique environmental factors accounted for the rest of the 
trait variances in both studies.
6.1.2. PHYSICAL ACTIVITY AND CARDIORESPIRATORY FITNESS (I–III)
The heritability of physical activity was explored in studies I, II and III, and 
that of cardiorespiratory fitness in study II. In Study I, the heritability of 
self-reported physical activity, as represented by a physical activity index, was 
0.55 (0.48–0.62) for men and 0.54 (0.47–0.59) for women. In the subsample 
of the FinnTwin16 cohort, physical activity was measured using the Baecke 
questionnaire. In this sample, the heritability estimates were as follows: 0.56 
(0.37–0.70) for sports activity, 0.35 (0.14–0.52) for leisure-time physical 
activity excluding sports and 0.46 (0.24–0.63) for work-related physical 
activity. Maximal oxygen uptake (VO2max) and maximal working capacity (Wmax) were used as measures of cardiorespiratory fitness in this study. Their 
heritability estimates ranged from 0.65 to 0.72, with slightly higher estimates 
for values adjusted for lean body mass.
In a sample of twins aged  20–25 years from the FinnTwin12 cohort 
(N=1,274) (III), the heritabilility estimates of the physical activity indexes 
were as follows: 0.64 (0.56–0.70) for sports activity, 0.41 (0.31–0.51) leisure-
time physical activity excluding sports, 0.56 (0.48-0.63) for work-related 
physical activity and 0.54 (0.45–0.62) for total physical activity. A summary 
of the heritability estimates in Studies I–III are presented in Table 1.
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????????? ???????–????
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6.2. Associations between obesity, physical activity and cardiorespiratory 
fitness
6.2.1 OBESITY AND PHYSICAL ACTIVITY (I–III)
The relationship between obesity and physical activity was investigated in 
Studies I, II and III. In all studies, we found an inverse association between 
physical activity and at least some of the obesity measures. In the FinnTwin16 
cohort, physical activity was negatively associated with BMI in women (r=–
0.11) but not in men. It was inversely correlated with waist circumference in 
both sexes (r=–0.11 for men, r=–0.15 for women) (I).
A similar pattern was seen in the subsample of the FinnTwin16 cohort 
(II), where BMI was inversely associated with sports activity (r=–0.35) and 
leisure-time physical activity excluding sports (r=–0.15) in women, but not 
in men. Waist circumference was inversely correlated with sports activity 
(r=–0.17) in men and with both sports activity (r=–0.40) and leisure-time 
physical activity excluding sports (r=–0.13) in women. In both men and 
women sports activity was inversely associated with fat mass (r=–0.29 and 
r=–0.45, respectively) and body fat percentage (r=–0.36 and r=–0.51), while 
it was positively associated with lean body mass only in men. In women, 
leisure-time physical activity excluding sports was inversely associated with 
fat mass (r=–0.15) and body fat percentage (r=–0.16), and work activity 
was positively associated with both waist circumference (r=0.15) and LBM 
(r=0.24). 
In the twins from the FinnTwin12 cohort (III), BMI was not associated 
with any of the physical activity parameters, while waist circumference was 
inversely and weakly associated with both sports activity (r=–0.08) and 
leisure-time activity excluding sports (r=–0.10). Men and women were 
analyzed together.
Taken together, physical activity was inversely associated with both waist 
circumference and adiposity as measured by DEXA. The inverse association 
between BMI and physical activity was weaker than the aforementioned 
relationships in women and was not statistically significant in men, suggesting 
that BMI is a poor measure of obesity in young men. 
6.2.2. OBESITY AND CARDIORESPIRATORY FITNESS (II, IV)
The results on the relationship between obesity and cardiorespiratory fitness 
were somewhat inconclusive. In the subsample of the FinnTwin16 cohort 
(II) Wmax/LBM was inversely associated with the obesity measures, whereas 
correlations between VO2max/LBM and obesity measures were very weak or absent. In the MZ sample (IV), however, VO2max/LBM was inversely associated with both body weight (r=–0.44, p<0.01) and BMI (r=–0.42, 
p<0.01). 
Studies in Finnish twins |   41
6.2.3. PHYSICAL ACTIVITY AND CARDIORESPIRATORY FITNESS (II)
In the FinnTwin16 subsample, sports activity was positively associated with 
all fitness measures (II). In addition, there was a positive correlation between 
fitness and leisure-time physical activity in women but not in men, whereas 
a negative correlation between fitness and work index was present in men 
only. In other words physical activity, except for work-related activity, was 
associated with objectively measured cardiorespiratory fitness.
6.2.4. GENETIC AND ENVIRONMENTAL CORRELATIONS (I–III)
Selected trait correlations were decomposed into additive genetic and 
unique environmental correlations. In the FinnTwin16 cohort, the genetic 
and environmental correlations between physical activity and each of the 
anthropometric measures were relatively weak and of approximately the 
same magnitude. In the subsample of the FinnTwin16 cohort (II), additive 
genetic factors accounted for a major part of the relationship between sport 
index and VO2max (adjusted for LBM) and of that between sport index and body fat percentage (70% and 71%, respectively). Unique environmental 
correlations were also significant and accounted for the remaining part of 
both relationships. In the FinnTwin12 cohort (III), additive genetic factors 
accounted for 57% (95% CI: 33–77%) of the trait correlation between sport 
index and leisure-time activity index, while unique environmental factors 
accounted for the rest.
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Table 2. ????????????????????????????????????????????????????????????????
???????????????????????????????? ????????????? ??????? 
Correlated traits Study I Study II Study 
IV
???????????????????????????????????????????
????
–0.11 ???
????????
–0.35????
?????????
????????????????????????????????????????????
???????????????????
–0.15????
–0.11????
–0.40????
–0.17????
???? ?????????????????????? –0.45????
–0.29????
?????????? ?????????????????????? ????????
0.25????
?????????????????????????????????????? –0.51????
–0.36????
?????????????????????????† 0.38????
0.41????
???????????????† ????????
?????????
–0.42
???? ??????????????† ????????
?????????
?????
?????????? ??????????????‡ 0.62????
0.41????
??????????????????????????????† ????????
????????
?????
Values are Pearson correlation coefficients. Bold font indicates statistically 
significant correlation (P<0.05). *Total physical activity was used in Study I 
and sports activity in Study II. †Value statistically adjusted for lean body mass 
was used in Study II and value simply divided by lean body mass in Study IV. 
‡Unadjusted value. Abbreviations: BMI, body mass index; VO2max, maximal 
oxygen uptake.
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6.2.5. GENE-ENVIRONMENT INTERACTION (I)
In the FinnTwin16 sample we tested physical activity as a moderator of 
genetic and environmental effects on BMI and waist circumference (I). 
Physical activity significantly modified additive genetic (A) effects on BMI 
and waist circumference in both sexes, so that additive genetic variances 
decreased with increasing physical activity. This indicates that genetic factors 
play a less important role in determining the BMI and waist circumference 
of physically active subjects as compared with sedentary ones. In addition, 
parallel modification of the E effect by physical activity was seen for waist 
circumference in women (Figure 2).
 
Figure 2. Change of additive genetic (black line) and unique environmental variance (grey 
line) of BMI and waist circumference (WC) with increasing level of physical activity.  All 
genetic modifications and the environmental modification of waist circumference for women 
were significant. Adapted from Mustelin et al. Int J Obes 2009; 33(1):29-36.
6.3. Metabolic consequences of acquired obesity (IV)
In Study IV we studied body composition, cardiorespiratory fitness and the 
expression of genes involved in mitochondrial oxidative phosphorylation in 
adipose tissue in MZ twin pairs from the FinnTwin16 cohort, concordant 
and discordant for obesity.
6.3.1. BODY COMPOSITION
In the discordant pairs, the heavier co-twin had, on the average, a 5.4 kg/
m2 higher BMI, a 9.4% higher fat percentage, 12.9 kg more fat, and 2.4 kg 
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more LBM than the leaner co-twin. In the concordant pairs, the respective 
differences were 1.0 kg/m2, 2.2%, 2.1 kg fat, and 0.3 kg LBM.
6.3.2. PHYSICAL ACTIVITY AND FITNESS
The co-twins of the concordant pairs did not differ from each other with 
respect to any of the cardiorespiratory variables. In the discordant pairs, the 
obese co-twin had a significantly lower VO2max when expressed per kilogram body weight (VO2max/kg, p<0.001) or kilogram LBM (VO2max/LBM, p<0.05) than the nonobese cotwin. Maximal working capacity, expressed per kilogram 
LBM (Wmax/LBM), was significantly lower in the obese than in the nonobese co-twin (p<0.01). The obese co-twin also had lower mechanical efficiency 
than the nonobese one (p<0.05). Regarding physical activity, the obese co-
twin had a significantly lower leisure time physical activity excluding sports 
than the nonobese one. Work and sports activity did not differ between the 
cotwins.
6.3.3. INSULIN SENSITIVITY
The obese co-twins had significantly lower whole body insulin sensitivity 
(M-value) than their nonobese counterparts. Intrapair differences in whole 
body insulin sensitivity were associated with those in VO2max (?=0.55, p<0.05) in a model adjusting for BMI. In other words, poor fitness and impaired 
insulin sensitivity were associated independent of BMI. In the obesity 
concordant pairs, there were no differences between the co-twins in insulin 
sensitivity.
6.3.4. GENE EXPRESSION IN ADIPOSE TISSUE
Genome-wide transcript profiling of fat biopsies showed that genes involved 
in the mitochondrial oxidative phosphorylation pathway were significantly 
downregulated in the obese compared with the non-obese cotwins. Among 
68 genes in the pathway, 31 were responsible for the optimum pathway 
composition. The mean centroid, describing the average activity of the regulated 
part of the pathway (119), was calculated for the oxidative phosphorylation 
pathway and used to examine possible correlation with VO2max. 
The oxidative phosphorylation pathway was found to significantly correlate 
with VO2max and the insulin sensitivity in the twin subjects. These associations also remained significant after adjusting for body fat percentage in a multiple 
regression model ?=0.45, p<0.05; ?=0.29, p<0.05, respectively).
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7. DISCUSSION
7.1. Summary of main findings (I–IV)
Main findings of the present studies were, as follows: Physical activity 
decreased the influence of genetic factors on obesity, as measured by BMI 
and waist circumference (I). A major part of the relationship between 
sports activity and obesity and of that between sports participation and 
cardiorespiratory fitness is due to genetic factors influencing the traits. This 
does not exclude causality (II). Genetic factors contributed significantly to 
individual differences in physical activity, with genetic factors explaining 
between 41% and 64% of the variance in four physical activity indexes 
(III).  Acquired obesity, in the absence of confounding genetic factors, was 
associated with poor cardiorespiratory fitness and lowered transcript levels of 
genes involved in mitochondrial function (IV).
7.2. The relationship between obesity and physical activity (I–III)
An inverse association between obesity and physical activity was found in all 
studies investigating this relationship (I, II, III). An interesting finding was 
that among healthy young adults the inverse relationship between physical 
activity and waist circumference (adjusted for BMI) was more significant 
than that of physical activity and BMI (adjusted for waist circumference), 
and seen in both men and women, whereas physical activity was negatively 
associated with BMI in women only (I). The close relationship between waist 
circumference and physical activity suggests that physical activity influences 
body fat distribution to a higher degree than it influences total body weight. 
Physically active young men in particular may have a large muscle mass, 
which affects BMI but not waist circumference. For example a small but 
intensive study where energy balance was held constant showed that exercise 
was able to reduce abdominal fat although body weight remained unchanged 
(149). Weaker correlations between sport index and BMI, and sport index 
and waist circumference, as compared to that between sport index and body 
fat percentage (II) may indicate that body fat percentage is a better measure 
of overall obesity in young adults than are BMI and waist circumference. 
We also found, somewhat surprisingly, that even though sports participation 
was associated with both VO2max/LBM and body fat percentage, these two traits were not associated with each other (II). One explanation to this could 
be that since the metabolic pathways by which physical activity enhances 
fitness and reduces body fat are different (37, 58, 78, 176), these may be 
influenced independently of each other and the responses to physical activity 
may be different in individuals with different genotypes. In other words, 
the individuals who respond to physical activity by increasing their oxygen 
uptake capacity are not necessarily the same who reduce their amount of 
body fat. Another explanation is that individuals who seem to be on the same 
 46
 
|    OBESITY, PHYSICAL ACTIVITY AND CARDIORESPIRATORY FITNESS IN YOUNG ADULTHOOD
exercise level by the Baecke sport index, might in fact behave quite differently 
when it comes to the frequency and intensity of the physical activity. Rather 
short and non-regular but intensive exercise sessions may, in fact, improve 
cardiorespiratory fitness without reducing obesity (127). 
7.3. Heritability estimates (I–III)
In the FinnTwin16 cohort (I) the overall heritability estimates were 78%–79% 
for BMI, 56–71% for waist circumference and 54%–55% for physical activity. 
In the subsample (II) heritability estimates likewise ranged from moderate to 
high and were higher for body composition and cardiorespiratory fitness than 
for physical activity. In the FinnTwin 12 cohort (III), the heritability of total 
physical activity was 54%.
Heritability estimates for BMI have ranged from 45% to 85% in previous 
twin studies (106, 158). In a study of 325 female and 299 male Danish twin 
pairs, heritability of waist circumference was 61% for men and 48% for 
women (157). The heritability of physical activity ranged from 27% to 70% 
in a large pooled twin sample from seven countries (167). Thus the observed 
heritability estimates in Studies I–III were in line with those of previous twin 
studies.
7.4. Genetic and environmental contributions to the relationship between 
physical activity and obesity
Since genetic factors account for such a large proportion of the population 
variance in body composition and physical activity, it might well be that 
genetic factors lie behind associations between physical inactivity and obesity. 
Lean subjects tend to be more physically active than obese ones (39, 52, 163) 
and physically active subjects gain less weight than sedentary subjects (38). 
These findings may partly be explained by a genetic selection bias: individuals 
who have genetic predisposition to engage in physical activity are more likely 
to be active and also more likely to stay lean. There are very few studies which 
take into account such confounding effects. However, a recent Finnish twin 
study with a 30-year follow-up of twin pairs discordant for physical activity 
showed that the sedentary twins gained more weight and had significantly 
larger waist circumference compared to their active co-twins (186). This 
indicates that independent of familial background, physical activity protects 
from weight gain, especially from that in the abdominal region. 
In Study I, both genetic and environmental factors explained the cross-
sectional associations between physical activity and waist circumference as 
well as physical activity and BMI in women. Additive genetic correlations 
were slightly stronger than specific environmental correlations. In men, the 
associations were weaker and we could not distinguish whether genetic or 
environmental factors were more important in determining the correlation 
between physical activity and the obesity measure.
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In Study II, we found that genetic effects accounted for around 70% of the 
covariance both between sports participation and obesity (as measured by 
body fat percentage) and between sports participation and cardiorespiratory 
fitness (as measured by VO2max/LBM]). This indicates that genetic factors play a major role in the relationships between vigorous physical activity 
and traits associated with it. Physical activity itself is a heritable trait (167), 
as are obesity (158) and cardiorespiratory fitness (15, 48, 105). This study 
shows that there are shared genetic factors behind these traits and that the 
relationships between vigorous physical activity and both VO2max/LBM and body fat percentage are in large part genetically mediated.
7.5. Modifying effect of physical activity on genetic predisposition to 
obesity (I)
A completely novel finding (I) was that physical activity modified the 
heritability of obesity. The higher the level of habitual physical activity was, 
the smaller the additive genetic component influencing BMI and waist 
circumference. This indicates that inherited factors significantly influence 
body weight and adiposity in sedentary subjects, while the effect of genes 
is diminished in physically active individuals. It thus seems that physical 
activity could be especially advantageous in the prevention of weight gain 
in individuals genetically susceptible to obesity. Soon after the publication 
of Study I, McCaffery et al. (114) reported similar results for BMI in a twin 
sample from the Vietnam Era Twin Registry (twins born 1939–1957). The 
finding was further replicated for BMI and waist circumference among 1,515 
Finnish and Danish twins of 18–67 years of age (160). 
Only few previous studies have assessed the modifying effect of physical 
activity on the genetic influences on obesity. Heitmann et al. (67) studied 
BMI change in relation to past physical activity and found that the genetic 
influence on BMI change in men was detected at medium and high physical 
activity levels only. However, genetic influences on weight change appear 
to be rather distinct from those on BMI (73). Thus while physical activity 
may lessen the effects of genes on body size, the future trajectory of weight 
change may be more affected by genes than environment in very physical 
active subjects. Karnehed et al. (84) found that twins genetically susceptible to 
obesity were more prone to large waist circumference if they were sedentary 
than twins without such susceptibility – a result in line with our findings. It 
remained, however, unclear whether the high and low genetic risk groups 
differed with respect to baseline BMI, waist circumference or physical activity. 
A possible mechanism for how physical activity reduces the genetic effects on 
obesity is that it changes the expression patterns of genes regulating weight 
and adiposity. There is evidence that this is the case at least for the FTO 
gene, which is the most influential of the known obesity-related genes (5, 88, 
142, 183). In a recent large meta-analysis the association of the FTO risk 
allele with the odds of obesity was attenuated by 27% in physically active 
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adults (88). Further, Li et al. (102) demonstrated that having a physically 
active lifestyle was associated with a 40% reduction in the predisposition to 
common obesity.
7.6. The relationship between physical activity and cardiorespiratory 
fitness (II)
Our results emphasize the role of genetic factors in the relationship 
between physical activity and cardiorespiratory fitness (II), which is in line 
with previous studies showing large individual differences in physiological 
responses to physical activity. In the HERITAGE family study, Bouchard 
et al. investigated the heritability of exercise-training-induced changes 
in several phenotypes, such as VO2max, submaximal aerobic performance, hemodynamic phenotypes, body composition and body fat distribution. 
Heritabilities of these traits ranged from 25% to 55%, indicating a major 
role of genetic factors in the responsiveness to physical activity (143). The 
specific genes involved in the interplay between physical activity and the 
exercise-related phenotypes are still poorly known, as are the mechanisms by 
which they influence response to training. A number of genes have, in single 
studies, been found to be associated with change in body composition and 
VO2max in response to training, but none of these results have been replicated (143). In genetic studies seeking to identify specific genes, the present study 
may provide information about combinations of variables or bivariate models 
useful in identifying meaningful phenotypes for analysis.
7.7. Consequences of acquired obesity (IV)
In Study IV, the heavier co-twins of MZ pairs discordant for obesity 
had lower whole body insulin sensitivity and cardiorespiratory fitness, as 
measured by VO2max, and Wmax relative to their LBM, as compared to leaner co-twins. They also had significantly lower transcript levels of genes involved 
in mitochondrial oxidative phosphorylation in adipose tissue.
VO2max was reduced in the obese compared with the non-obese twins when expressed per kilogram LBM and per kilogram body weight but not when 
expressed in absolute terms (milliliters per minute). This is consistent with 
previous studies showing reduced VO2max adjusted for total body mass or lean body mass in obese vs. lean subjects (55, 79, 103, 151, 152), and with 
studies showing that the obese do not have reduced absolute VO2max (55, 103, 107, 151). In some studies, VO2max adjusted for LBM was not reduced in the obese vs. the lean (55, 96, 107). Similarly, in Study II we found no 
association between obesity and VO2max (adjusted for LBM), even though obesity was inversely associated with physical activity. This raises the idea that 
lack of physical activity rather than obesity itself may be the key factor behind 
reduced cardiorespiratory fitness in the obese.
Obese subjects, especially those with impaired insulin sensitivity or type 
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2 diabetes, have impaired mitochondrial oxidative function in skeletal 
muscle (87, 148, 161, 162) and in adipose tissue (29, 131). Sutherland et 
al. demonstrated that in rats, glucose intolerance induced by a high-fat 
diet decreased adipose tissue mitochondrial content (175). Whether the 
mitochondrial dysfunction is a cause a or a consequence of obesity and 
impaired glucose tolerance in unclear. 
Exercise increases the mitochondrial content and oxidative capacity of 
skeletal muscle fibers (63, 74, 76), improves insulin sensitivity (16, 120, 128) 
and prevents progression of impaired glucose tolerance to type 2 diabetes 
(46, 90, 95). In a study in rats, exercise increased mitochondrial biogenesis in 
white adipose tissue (174). 
In Study IV the obese co-twins of the MZ twin pairs discordant for obesity 
were less fit, had lower insulin sensitivity and had lower expression of genes 
involved in mitochondrial oxidative phosphorylation in adipose tissue, as 
compared to the lean co-twins. Since MZ twins have identical genomes, both 
obesity and the metabolic disturbances, as well as the reduced expression of 
genes involved in mitochondrial function, must be due to environmental and 
lifestyle factors. Indeed, the obese co-twins had, on average, lower levels of 
leisure-time physical activity (Baecke leisure time activity index) than their 
lean counterparts. Considering the beneficial metabolic effects of physical 
activity, lack of physical activity could well be the main factor behind the 
metabolic disturbances of the obese co-twins.
Previous studies have reported reduced oxidative metabolism and 
downregulation of genes involved in oxidative phosphorylation in skeletal 
muscle of obese and insulin resistant subjects (87, 119, 130, 159). The finding 
that this is also true in adipose tissue of obese and nonobese subjects with 
identical genes is novel. It shows that lifestyle-related factors, mainly physical 
inactivity and acquired obesity, can impair the expression of genes involved in 
mitochondrial function in fat. The downregulation of gene expression could 
reflect a general metabolic disturbance in the obese co-twins, as suggested 
by Pietiläinen et al. (136). They studied the same MZ sample and reported 
alterations of gene expression in a large number of pathways in the adipose 
tissue of the obese co-twins. 
7.8. Methodological considerations
Two population-based twin samples of young adults were used in this thesis. 
The FinnTwin16 cohort consists of virtually all twins born in Finland between 
1975 and 1979, and the FinnTwin12 cohort of twins born between 1983 and 
1989 (82, 83). In Study I, we used the whole FinnTwin16 cohort (N=4,798) 
and in Study II we utilized a subsample containing both randomly chosen 
pairs and pairs with either very small or very large intrapair differences in 
BMI (N=304). Further, in Study IV we used a subsample of the FinnTwin16 
cohort containing only MZ pairs discordant and concordant for obesity 
(N=48). In Study III the subjects were twins participating in the intensive 
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follow-up study of the FinnTwin12 cohort (N=1,274). The wide spectrum of 
sample sizes allowed us both to take advantage of the statistical power of large 
samples and to perform exact measurements in the small samples. In Studies 
I and III we thus used self-reported physical activity and obesity measures, 
while obesity and cardiorespiratory fitness were objectively measured in 
Studies II and IV. In Study IV we were even able to perform a comparison of 
gene expression in the lean vs. obese co-twins of the obesity-discordant pairs. 
The variety of study designs and methods used in the studies adds diversity 
to this thesis and is thus one of its major strengths.
A general limitation of the present studies was their cross-sectional design. 
Thus, no definitive conclusions can be made on the causality or even less 
on the direction of causation of any of the observed associations. Complex 
traits like obesity and physical activity are likely to have bidirectional causal 
relationships, further confused by confounding environmental factors 
and genetic predispositions. In Study I we concluded that high levels of 
physical activity decreased the influence of genetic factors on obesity. An 
inverse causality was also considered and discussed, but seemed biologically 
implausible. The only way to get definitive answers on this would be to 
conduct a large intervention study, with both the statistical power to detect 
gene-environment interactions and the intensity to produce sufficient 
changes in physical activity levels. In Study II we examined the genetic 
and environmental influences on the relationships between obesity, exercise 
and fitness without taking sides on the direction of causality. In Study IV 
we compared MZ twin individuals with their co-twins and were so able 
to control for genetic influences. Still our conclusion that acquired obesity 
causes decreased cardiorespiratory fitness and mitochondrial dysfunction are 
based rather on biological plausibility than on true evidence of cause and 
consequence.
Self-report is always a possible error source in epidemiological research, 
especially when it comes to body size and health behaviors such as physical 
activity. People tend to underreport their body weight (56) and overreport 
their physical activity (2). In addition, there is evidence that obese individuals 
may underreport their body weight (129) and overreport their physical 
activity levels (135) more than lean individuals. If this was the case in the 
present studies, it would mean that the observed associations between obesity 
and physical activity measures were weaker than the true associations, i.e. 
dilution of the results. Self-report bias could also produce an increase in the E 
component in variance component analyses, since the E component includes 
random measurement error in addition to unique environmental factors 
(121).  In Study I we assessed the validity of the self-reported BMI and waist 
circumference in a subsample of 566 twins. They participated in another study 
with a median of 650 days after the self-report, where height, weight and 
waist circumference were objectively measured.  The reported values were in 
good agreement with the reported ones, as described in Study I.
The limitations of statistical power must be taken into consideration when 
interpreting the findings. Study I was the only study with enough statistical 
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power to perform a gene-environment interaction model, which provides 
much more information than the more basic twin models (such as univariate 
models and bivariate Cholesky decomposition models). Similarly, sex-specific 
genetic effects were found for all traits in Study I, but not in the other studies, 
possibly due to lack of statistical power. 
Methodological strengths of the present studies include: the population-based 
twin samples, usage of modern methods of twin modeling, measurement of 
body composition and cardiorespiratory fitness by state-of-the-art methods 
(Studies II and IV) and the co-twin design that enables controlling for 
genetic influences (Study IV).
7.9. Conclusions and implications
The findings of this thesis are in keeping with previous data suggesting that 
physical activity is beneficial in preventing obesity, in particular abdominal 
obesity. The results also suggest that overweight and obesity caused by 
environmental and lifestyle-related factors are associated with poor fitness 
and downregulation of genes involved in mitochondrial energy metabolism 
in fat in young, otherwise healthy adults. Even though the relationships 
between obesity, physical activity and fitness were demonstrated to be 
predominantly caused by genetic factors, a physically active lifestyle seems to 
be able to counteract genetic predisposition to obesity. 
By adding to the scholarship of the complex relationship between obesity 
and physical activity, the findings of this thesis offer some tools to fight the 
ongoing obesity epidemic. Interventions should be undertaken to increase 
physical activity on the population level and make our living environment 
less obesity-inducing. In the future, identification of subjects with genetic 
predisposition to obesity and related metabolic disorders could enable 
focusing of preventive efforts on those individuals.
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